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ElectrochemistryThe development of metal complexes with pH dependent ligands could lead to useful design principles in
altering catalysis. We have synthesized the complex [Ru(bpy)(bpy(OH)2)2]
2+ (bpy = 2,20-bipyridine, bpy
(OH)2 = 4,40-dihydroxy-2,20-bipyridine) to better understand how the hydroxyl groups influence the elec-
tronic and structural properties of the complex as a function of protonation state. Both experimental and
computational methods were utilized to study the complex in the protonated and deprotonated state.
The most notable difference observed by X-ray diffraction studies, as well as by computational structural
analysis, is the shortening of the modified ligand’s C–O bond length upon deprotonation due to increasing
double bond character by resonance. Cyclic voltammetry studies of the complex revealed a 0.96 V
decrease in RuIII/II potential upon deprotonation. Only one ligand redox wave is observed when deproto-
nated, assigned to the unmodified bpy ligand. The absorption spectrum of protonated [Ru(bpy)(bpy
(OH)2)2]2+ is similar to that of [Ru(bpy)3]2+ with typical metal to ligand charge transfer bands at approx-
imately 460 nm. Upon deprotonation, the absorption spectrum shifts dramatically, exhibiting a
4504 cm1 red shift from kmax = 468 nm to kmax = 593 nm in acetonitrile. Computational studies indicate
that the bpy(O)2 ligand’s orbitals heavily mix with the Ru d-orbitals, leading to mixed metal–ligand to
ligand charge transfer transitions. Luminescence studies reveal absolute quenching of the excited state
upon deprotonation in accordance with the energy gap law. These studies alongside results from the pre-
viously studied [Ru(bpy)2(bpy(OH)2)]2+ and [Ru(bpy(OH)2)3]2+ complexes, provide useful insight into the
impact of increasing electron donation to the metal center.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
The importance of chemical processes in which electron trans-
fer is accompanied with proton transfer has gained significant
attention in the scientific community. For instance, being able to
efficiently carry out reactions such as the oxidation of water to
molecular oxygen combined with harnessing the reductive equiv-
alents to produce a useful fuel source, Eq. (1), could revolutionize
energy production processes.2H2O! O2 þ 4Hþ þ 4e ð1Þ
Countless research groups are working on developing catalysts
capable of performing water oxidation catalysis [1–24]. Since the
discovery of the molecular water oxidation catalyst, the ruthenium
blue dimer, by Meyer and co-workers [3], the challenge has
become designing a robust catalyst that is capable of maintaining
an efficient rate of catalysis with a low kinetic barrier.
Mechanistic studies of such catalysts have revealed the
complexity involving many proton-coupled electron transfer
(PCET) events [4–11]. In single site mononuclear ruthenium cata-
lysts, such as [Ru(tpy)(bpm)(OH2)]2+ (tpy = 2,20;60,200-terpyridine,
bpm = 2,20-bipyrimidine) [12–16], oxidation of the RuII metal cen-
ter to a more Lewis acidic RuIII metal center substantially increases
the acidity of the coordinated water molecule, resulting in the loss
of a proton. Through this PCET event, the complex is able to main-
tain its net 2+ charge, ultimately helping to stabilize the electron
deficient metal center. In an effort to further stabilize the electron
D.J. Charboneau et al. / Polyhedron 114 (2016) 472–481 473deficient metal center in these high energy intermediates, catalysts
utilizing anionic ancillary ligands have emerged [17–21]. These
catalysts have gained attention for their facilitated electron trans-
fer when compared to neutral ligands with respect to high-valent
intermediates. Some catalysts have been designed that utilize
similar principles to tune their reactivity through pH dependent
catalysis, which could provide a useful control mechanism
[22–31].
One of our goals was to perform a thorough analysis of the
impact that strong electron donation can have on the ruthenium
metal center in transition metal complexes to better understand
its impact in relation to the water oxidation process. To this end,
we have studied a series of ruthenium complexes containing
hydroxyl-substituted polypyridyl ligands, most notably the
4,40-dihydroxy-2,20-bipyridine ligand (bpy(OH)2) [32–35], which
can be readily deprotonated, and upon deprotonation, contributes
significant electron donation to the metal center, Fig. 1.
We have previously studied two complexes containing the bpy
(OH)2 ligand for their electronic and protonation state properties:
[Ru(bpy)2(bpy(OH)2)]2+ (bpy = 2,20-bipyridine), Fig. 2a, and [Ru
(bpy(OH)2)3]2+, Fig. 2c [32,33]. The electronic structure of [Ru
(bpy)2(bpy(OH)2)]2+ is significantly altered from having primarily
metal-centered highest occupied molecular orbitals (HOMOs)
when protonated to being a mix of metal and the pH dependent
ligand HOMOs when deprotonated. The unmodified bpy ligands
of the complex do not mix with the metal center upon deprotona-
tion and, therefore, maintain their typical low-lying p⁄ orbitals. As
a result, transitions of this mixed-ligand complex have been ter-
med mixed metal–ligand to ligand charge transfers (MLLCT) [32].
Interestingly, the [Ru(bpy(OH)2)3]2+ does not experience this mix-
ing of metal and ligand orbitals upon deprotonation and remains
dominantly metal-centered due to the complex’s high symmetry
[33]. With these complexes well studied, an ‘‘intermediate” com-
plex with two bpy(OH)2 ligands, [Ru(bpy)(bpy(OH)2)2]2+, Fig. 2b,
was synthesized with the goal of revealing trends of increasing
hydroxyl substituents on polypyridyl ruthenium complexes. In
conjunction with the previously studied complexes, characteriza-
tion of [Ru(bpy)(bpy(OH)2)2]2+ provides further insight into the
impact of strong ligand electron donation on the ruthenium metal
center and the impact of protonation on the electronic structures
of hydroxylated polypyridyl complexes. We have additionally
synthesized and studied [Ru(bpy)(bpy(OMe)2)2]2+ (bpy(OMe)2 =
4,40-dimethoxy-2,20-bipyridine), which contains electron-donating
methoxyl substituents that cannot be deprotonated.Fig. 1. Resonance structures of deprotonated bpy(O)2 ligand.
Fig. 2. Structures of (a) [Ru(bpy)2(bpy(OH)2)]2+ (b) [R2. Results and discussion
2.1. Structural characterization
Attempts to obtain completely deprotonated crystals of
[Ru(bpy)(bpy(O)2)2]2 for study by X-ray diffraction were not suc-
cessful. The completely deprotonated structure could not be
attained because the crystal precipitated as a polymer with each
molecule bound through an [OHO] group, Fig. 3. The crystal pre-
cipitated with the O atoms of adjacent molecules 2.448(7) Å
apart. As a result, covalent O–H bonds were required to circumvent
steric interference (VDW radius of oxygen is 1.56 Å) [36], as well as
electrostatic repulsion. The structure, with anion [Ru(bpy)(bpy
(O)2)(bpy(OH)(O))]n(1), contained only one tetrabutylammo-
nium counter ion. However, due to the polymerization of the struc-
ture each molecular unit contains two half hydrogens, so the metal
center maintained its RuII oxidation state.
Selected bond angles and bond lengths for 1 are reported in
Table 1. The coordination geometry around the Ru center is a dis-
torted octahedral shape with adjacent N–Ru–N bond angles rang-
ing from 78.88 to 99.24. Ru–N bond lengths range from 2.042
to 2.063 Å. Similar previously reported complexes [Ru(bpy)3]2+,
[Ru(bpy)2(X)]2+ and [Ru(X)3]2+ (X = bpy(OH)2, bpy(O)2, or bpy
(OMe)2) have comparable adjacent N–Ru–N bond angles, ranging
from 78.50 to 97.51 Å as well as comparable Ru–N bond lengths,
ranging from 2.044 to 2.068 Å [32,33,37].
While a crystal suitable for X-ray diffraction studies of the com-
pletely protonated or deprotonated complex of [Ru(bpy)(bpy
(OH)2)2]2+ could not be attained, although efforts are ongoing,
computational studies were utilized to provide insight into their
structures, Table 2. Both structures have a distorted octahedral
shape about the Ru center with similar adjacent N–Ru–N bond
angles and Ru–N bond distances when compared to computational
studies performed on similar complexes [32,33,37]. The most nota-
ble difference between the structures of [Ru(bpy)(bpy(OH)2)2]2+
and [Ru(bpy)(bpy(O)2)2]2 is the C–O bond distance, which is cal-
culated to be 0.084 Å shorter upon deprotonation due to double
bond character associated with the resonance structure, Fig. 1. This
observation has been supported experimentally by shortening of
the C–O bond lengths from 1.342 to 1.284 Å in the crystal
structures of [Ru(bpy)2(bpy(OH)2)]2+ and [Ru(bpy)2(bpy(O)2)],
respectively [32].
The shortening of C–O bond lengths upon deprotonation is also
confirmed experimentally by the partially deprotonated crystal
structure, 1. In 1, each of the modified ligands contains a com-
pletely deprotonated hydroxyl group and an [OHO] group. The
C–O bond length of the [OHO] group is 0.045 Å longer than that
of the fully deprotonated group due to the partial protonation of
the hydroxyl substituent. Additionally, both experimental C–O
bond lengths in 1 in between the calculated C–O bond lengths
for [Ru(bpy)(bpy(OH)2)2]2+ and [Ru(bpy)(bpy(O)2)2]2, showingu(bpy)(bpy(OH)2)2]2+ and (c) [Ru(bpy(OH)2)3]2+.
Fig. 3. Structure of [Ru(bpy)(bpy(O)2)(bpy(OH)(O)]n (1). H atoms excluding those in the [OHO] groups and the tetrabutylammonium cation are omitted for clarity.
Thermal ellipsoids drawn at 30% probability.
Table 1
Selected bond distances (Å) and angles () of 1.
Bond lengths
Ru(1)–N(1) 2.048(3)
Ru(1)–N(3) 2.042(3)
Ru(1)–N(4) 2.063(3)
C(14)–O(1) 1.279(5)
C(24)–O(2) 1.324(4)
Bond angles
N(1)–Ru(1)–N(1A) 169.34(14)
N(1)–Ru(1)–N(3) 99.22(11)
N(1)–Ru(1)–N(3A) 89.03(11)
N(1)–Ru(1)–N(4) 78.90(10)
N(1)–Ru(1)–N(4A) 93.13(10)
474 D.J. Charboneau et al. / Polyhedron 114 (2016) 472–481that the partial protonation decreases the double bond character
indicated in the resonance forms of the ligand, Fig 1. The structure
serves as an isolated intermediate representing the ligand’s sys-
tematic electron-donating capabilities. Prior spectroscopic studies
on [Ru(bpy)2(bpy(OH)2)]2+ revealed that the ligand progressively
donates more electron density with increasing pH. The electronTable 2
Calculated bond lengths (Å) and angles () for [RuII(bpy)(X)2]n (n = +2 or 2).
Bond lengths X = bpy(OH)2 X = bpy(O)2
Ru(1)–N(1) 2.094 2.121
Ru(1)–N(2) 2.112 2.101
Ru(1)–N(3) 2.104 2.104
Ru(1)–N(4) 2.120 2.096
Ru(1)–N(5) 2.091 2.045
Ru(1)–N(6) 2.095 2.045
C–O 1.339 1.255
Bond angles
N(1)–Ru(1)–N(2) 77.60 77.24
N(1)–Ru(1)–N(3) 101.35 98.96
N(1)–Ru(1)–N(4) 174.55 172.39
N(1)–Ru(1)–N(5) 97.38 98.17
N(1)–Ru(1)–N(6) 86.20 87.63donation was monitored by the decreasing energy of the complex’s
metal-to-ligand charge transfer bands due to destabilization of the
Ru metal-centered d orbitals with increasing basicity [32].
The structure of [Ru(bpy)(bpy(OMe)2)2][PF6]2 was studied by X-
ray diffraction, Fig. 4. The structure also takes on a distorted octa-
hedral shape about the Ru center, with similar adjacent N–Ru–N
bond angles and Ru–N bond lengths to other ruthenium polypyri-
dyl complexes with the bpy(OMe)2 ligand, Table 3 [32,33,37].
Additionally, the C–O bond lengths from the aryl carbons range
from 1.341 to 1.354 Å, which are close to calculated C–O bond
lengths of [Ru(bpy)(bpy(OH)2)2]2+, indicating that structurally,
the two complexes are very similar. The C–O bonds to the methyl
carbons are 0.1 Å longer than those to the aryl carbon, which isFig. 4. Structure of [Ru(bpy)(bpy(OMe)2)2]2+. H atoms and PF6 anions omitted for
clarity. Thermal ellipsoids drawn at 50% probability.
Table 3
Selected bond lengths (Å) and angles () for [Ru(bpy)(bpy(OMe)2)2][PF6]2.
Bond lengths
Ru(1)–N(1) 2.0781(16)
Ru(1)–N(2) 2.0726(18)
Ru(1)–N(3) 2.0715(17)
Ru(1)–N(4) 2.0560(17)
Ru(1)–N(5) 2.0642(19)
Ru(1)–N(6) 2.0487(17)
C(9)–O(1) 1.352(3)
C(5)–O(2) 1.354(3)
C(21)–O(3) 1.341(3)
C(17)–O(4) 1.342(3)
C(10)–O(1) 1.437(3)
C(6)–O(2) 1.437(3)
C(22)–O(3) 1.437(3)
C(18)–O(4) 1.447(3)
Bond angles
N(1)–Ru(1)–N(2) 77.85(7)
N(1)–Ru(1)–N(3) 103.12(6)
N(1)–Ru(1)–N(4) 174.54(7)
N(1)–Ru(1)–N(5) 98.10(7)
N(1)–Ru(1)–N(6) 85.42(6)
Table 4
RuIII/II redox potentials of [RuII(bpy)(X)2]n in acetonitrile with 0.1 M nBu4NPF6 (n = +2,
0, 2, or 4).
Complex E0 (V) vs. SCE Reference
X = bpy(OMe)2 X = bpy(OH)2 X = bpy(O)2
[Ru(bpy)3]n 1.30 1.30 1.30 [33]
[Ru(bpy)2(X)]n 1.18 1.16a [32]
[Ru(bpy)(X)2]n 1.06 1.01b 0.05c This work
[Ru(X)3]n 0.94 0.88b 0.55c [33]
a 0.1 M HPF6,
b 10 mM HPF6,
c 10 mM nBu4NOH.
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[Ru(bpy(OMe)2)3]2+ [32,33].2.2. Electrochemistry
It has been shown that ruthenium polypyridyl complexes have
poor solubility as the number of hydroxyl substituents increases
[33]. The complex [Ru(bpy)(bpy(OH)2)2]2+ exhibited limited solu-
bility in all tested solvents, unless an acid, such as hexafluorophos-
phoric acid (HPF6), or a strong base, such as tetrabutylammonium
hydroxide (nBu4NOH) or sodium hydroxide (NaOH), were added to
the solution. The lack of solubility is likely due to the multiple pro-
tonation states of the complex, resulting in a possible net charge on
the complex ranging from +2 to 2. For this reason, studies were
only performed in acetonitrile or acetonitrile:water mixtures with
an addition of acid or base for [Ru(bpy)(bpy(OH)2)2]2+.
Cyclic voltammetry of [Ru(bpy)(bpy(OH)2)2]2+ in acetonitrile
with HPF6 yields a reversible wave at 1.01 V versus SCE, Fig. 5a,
assigned to the RuIII/II redox event. Computational studies support
that the HOMO is metal-centered. The observed redox wave is
shifted to a notably lower potential than [Ru(bpy)3]2+, which exhi-
bits a RuIII/II wave at 1.30 V versus SCE. The decrease in redox
potential is a result of the electron donating hydroxyl substituents
stabilizing the electron deficient RuIII metal center. Table 4 reports
the RuIII/II redox wave for the studied and previously studied
complexes, which shows that the impact of the electron donatingFig. 5. Cyclic voltammograms of the RuIII/II wave of 2 mM [Ru(bpy)(bpy(OH)2)2][PF6]2 in
(a) 10 mM HPF6 (b) 10 mM nBu4NOH. Potentials are reported vs. SCE.substituents is additive. As the number of bpy(OH)2 ligands
increases the destabilization of the HOMO increases, resulting in
proportional decreases in RuIII/II potential. Abiding by the trend,
each bpy(OH)2 ligand provides a more favorable oxidation
potential by 0.13–0.15 V. The reductive scan of [Ru(bpy)(bpy
(OH)2)2]2+ is dwarfed by proton reduction, arising from the
addition of HPF6 to the solution (Supporting materials). Since the
addition of HPF6 is necessary for solubility of the complex, no
ligand redox potentials can be reported for protonated [Ru(bpy)
(bpy(OH)2)2]2+.
Deprotonating [Ru(bpy)(bpy(OH)2)2]2+ to [Ru(bpy)(bpy(O)2)2]2
in acetonitrile with nBu4NOH gives a reversible RuIII/II wave at
0.05 V versus SCE, which is shifted 0.96 V lower than the
protonated form of the complex, Fig. 5b. While the shift in redox
potential upon deprotonation is significant, it is not as dramatic
as the 1.43 V shift observed for [Ru(bpy(OH)2)3]2+ upon deprotona-
tion, Table 4 [33]. The shift in redox potential upon ligand deproto-
nation is caused by a further increase in stabilization of the RuIII
oxidation state through increased electron donation of the
pyridinolate groups, Fig. 1. Upon deprotonation, the HOMO of the
complex appears to be a mixed metal–ligand HOMO, much like
[Ru(bpy)2(bpy(O)2)]. However, unlike [Ru(bpy)2(bpy(O)2)],
[Ru(bpy)(bpy(O)2)2]2 has a clearly reversible RuIII/II redox wave.
The RuIII/II wave for [Ru(bpy)2(bpy(O)2)] is not readily observed
due to base oxidation processes that overlap the RuIII/II wave
[32]. In Table 4, the X = bpy(O)2 column demonstrates the
significant difference in RuIII/II redox potentials for the reported
complexes upon deprotonation. The data show that increasing
the number of deprotonated hydroxyl substituents provides pro-
portional destabilization of the metal-centered d orbitals. Abiding
by this trend, it can be estimated that [Ru(bpy)2(bpy(O)2)] would
have a RuIII/II potential of approximately 0.6–0.7 V versus SCE,
clearly amidst the large tetrabutylammonium signal, Fig. 6.
Cyclic voltammetry of [Ru(bpy)(bpy(O)2)2]2 shows only one
reversible redox signal in its reductive region assigned to theacetonitrile with 0.1 M tetrabutylammonium hexafluorophosphate (nBu4NPF6) and
Table 5
Ligand redox potentials for complexes in acetonitrile with a0.1 M nBu4NPF6, and
b0.1 M nBu4NOH or c10 mM nBu4NOH (X = bpy(O)2).
E0 (V) vs. SCE
[Ru(bpy)3]2+a,d [Ru(bpy)2(X)]b,e [Ru(bpy)(X)2]2c
1.33 1.55 1.78
1.53 1.79
1.79
d Reference [33].
e Reference [32].
Fig. 7. Cyclic voltammogram of 2 mM [Ru(bpy)(bpy(OMe)2)2]2+ in acetonitrile with
0.1 M nBu4NPF6. Potential reported vs. SCE.
Table 6
Ligand redox potentials of complexes in acetonitrile with 0.1 M nBu4NPF6
(X = bpy(OMe)2).
Complex E0 (V) vs. SCE Reference
1st ligand
redox
2nd ligand
redox
3rd ligand
redox
[Ru(bpy)3]2+ 1.33 1.53 1.79 [33]
[Ru(bpy)2(X)]2+ 1.37 1.58 1.81 [32]
[Ru(bpy)(X)2]2+ 1.43 1.63 1.82 This work
[Ru(X)3]2+ 1.49 1.66 1.86 [33]
Fig. 6. Cyclic voltammograms in acetonitrile with 0.1 M nBu4NPF6 and: (green) [Ru
(bpy)3]2+; (blue) [Ru(bpy)2(bpy(OH)2)]2+ with 100 mM nBu4NOH; (red) [Ru(bpy)
(bpy(OH)2)2]2+ with 10 mM nBu4NOH; (black) [Ru(bpy(OH)2)3]2+ with 10 mM
nBu4NOH. Potentials reported vs. SCE. (Color online.)
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reduction waves: one reduction centered on each of the bpy
ligand’s p⁄ orbitals. The deprotonated complex only exhibits one
reduction potential due to the negative charge associated with
the deprotonated bpy(O)2 ligand, making the ligand more difficult
to reduce. Cyclic voltammetry of the free bpy(O)2 ligand showed
no reductive signal, supporting this claim [33]. Additionally, the
first ligand redox potential is shifted to a lower potential with
increasing bpy(O)2 ligands, Table 5, indicative of the overall neg-
ative charge buildup on the complex due to deprotonation. As a
result of the high energy bpy(O)2 ligand, the complexes studied
only exhibit as many reductive signals in a cyclic voltammogram
as there are unmodified bpy ligands when the complexes are
introduced into a basic medium, Fig. 6.
Cyclic voltammetry of [Ru(bpy)(bpy(OMe)2)2]2+, Fig. 7, yielded
three reversible ligand redox waves. The methoxylated derivatives
provide insight into the trend that electron-donating substituents
have on their ligand redox potentials. Table 6 shows the redox
potentials of all three ligands for [Ru(bpy)3]2+, [Ru(bpy)2(bpy
(OMe)2)]2+ [Ru(bpy)(bpy(OMe)2)2]2+ and [Ru(bpy(OMe)2)3]2+. With
an increasing number of bpy(OMe)2 ligands, each corresponding
ligand reduction event occurs at a lower potential because it is
more difficult to reduce the electron rich bpy(OMe)2 ligands
relative to a bpy ligand. In addition, [Ru(bpy)(bpy(OMe)2)2]2+ also
has a reversible RuIII/II wave at 1.06 V versus SCE. The
corresponding bpy(OMe)2 substituted complexes have similar
RuIII/II reduction potentials to the bpy(OH)2 substituted complexes
indicating that these ligands have similar electron-donation
properties.2.3. Absorbance spectroscopy
UV–Vis spectra of [Ru(bpy)(bpy(OH)2)2]2+ and [Ru(bpy)(bpy
(OMe)2)2]2+ were collected in acetonitrile and a 1:1 water:
acetonitrile mixture with either 10 mM NaOH or 10 mM HPF6.
No significant shift was observed in the spectrum of [Ru(bpy)
(bpy(OMe)2)2]2+ with the addition of acid or base, (Supporting
materials). Similarly, no notable shift in the spectrum is observed
when the complex is exposed to different solvents, Table 7. These
observations are consistent with prior studies performed on simi-
lar methoxylated bipyridine complexes [Ru(bpy)2(bpy(OMe)2)]2+
and [Ru(bpy(OMe)2)3]2+ [32,33].
The spectrum of [Ru(bpy)(bpy(OH)2)2]2+ differs significantly in
acidic and basic conditions. Under acidic conditions, [Ru(bpy)
(bpy(OH)2)2]2+ has a similar spectrum to that of [Ru(bpy)3]2+, as
well as previously studied hydroxylated bipyridine complexes
[Ru(bpy)2(bpy(OH)2)]2+ and [Ru(bpy(OH)2)3]2+ [32,33]. Much like
the methoxylated bipyridine complexes, differing solvents has no
notable impact on transition energies, Table 7. Several intense
transitions below 300 nm are observed and are assigned to p–p⁄
transitions [38]. Lower energy maxima at 315 nm and 468 nmwith
shoulders at 332 nm and 439 nm, respectively, are observed as the
result of several overlapping metal to ligand charge transfer
(MLCT) transitions [39]. The lowest energy MLCT band observed
for [Ru(bpy)(bpy(OH)2)2]2+ occurs at kmax = 468 nm and is
red-shifted relative to the unsubstituted [Ru(bpy)3]2+ with
kmax = 452 nm in acetonitrile due to the electron-donating hydro-
xyl substituents destabilizing the metal-centered d orbitals. A red
shift relative to [Ru(bpy)3]2+ is also seen in the UV–Vis spectra of
[Ru(bpy)2(bpy(OH)2)]2+ and [Ru(bpy(OH)2)3]2+, as well as for corre-
sponding methoxylated complexes [32,33]. The impact of hydroxyl
substituents on the MLCT bands proportionally decreases the
energy of the MLCT transition as the number of hydroxyl
substituents increases, Fig 8. Starting with [Ru(bpy)3]2+, the wave-
length of the lowest energy MLCT transition in order of increasing
Table 7
UV–Vis absorption data for [RuII(bpy)(X)2]n (n = +2 or 2).
X = bpy(OH)2 X = bpy(O)2 X = bpy(OMe)2
ACNa ACN:H2Oa ACNb ACN:H2Oc ACN ACN:H2O
k nm (e) (M1 cm1) k nm (e) (M1 cm1) k nm (e) (M1 cm1) k nm (e) (M1 cm1) k nm (e) (M1 cm1) k nm (e) (M1 cm1)
207 (99672) 208 (62057) 243 (108390) 240 (91232) 223 (85584) 223 (76058)
224d (83488) 221 (57737) 294 (46448) 270 (47378) 283 (63355) 284 (57266)
283 (48946) 283 (43685) 333d (18125) 284 (45333) 331 (13764) 329 (11377)
291 (45689) 299d (17487) 415 (17615) 295 (46381) 362d (9589) 361d (8107)
300c (27652) 329 (9543) 593 (6852) 338 (13268) 440d (12688) 439d (10465)
315 (15011) 360 (7240) 400 (12211) 470 (14775) 469 (12340)
332d (13185) 445d (9040) 533 (7533)
439d (10547) 472 (10139)
468 (12534)
a 10 mM HPF6.
b 10 mM nBu4NOH.
c 10 mM NaOH.
d Shoulder.
Fig. 8. Normalized absorption intensity of the MLCT bands of (red) [Ru(bpy)3]2+;
(orange) [Ru(bpy)2(bpy(OH)2)]2+; (blue) [Ru(bpy)(bpy(OH)2)2]2+; and (green) [Ru
(bpy(OH)2)3]2+ in acetonitrile. 10 mM HPF6 was added for [Ru(bpy)(bpy(OH)2)2]2+
and [Ru(bpy(OH)2)3]2+ to increase solubility of the complex. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article).
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460 nm, 468 nm, and 477 nm. The corresponding energy differ-
ences among neighboring complex’s transitions are 385 cm1,
372 cm1, and 359 cm1, respectively, showing the proportional
destabilization of the metal-centered d orbitals.
Upon deprotonation, a dramatic shift in the absorption spec-
trum of [Ru(bpy)(bpy(O)2)2]2 occurs. Typical high energy p–p⁄
transitions below 300 nm are still observed. However, the lowest
energy MLCT band observed for [Ru(bpy)(bpy(OH)2)2]2+, kmax = 468
with a shoulder at 439 nm in acetonitrile, becomes two distinct
MLCT bands with kmax = 415 and 593 nm, Table 7. The 4504 cm1
red shift observed in the lowest energy MLCT band is due to the
increased electron donation further increasing the energy of the
metal-centered d orbitals. Similar shifts were observed with other
Ru2+ polypyridyl complexes [32,33,40]. The observed shift upon
deprotonation is less in the acetonitrile/water mixture than in
acetonitrile alone due to the hydrogen bonding of the solvent with
the deprotonated pyridinolate ligand. The red shift observed upon
deprotonation of [Ru(bpy)(bpy(OH)2)2]2+ is markedly larger
than the 2634 cm1 shift observed upon deprotonation of
[Ru(bpy)2(bpy(OH)2)]2+ in acetonitrile [32], because of greater
electron density donated to the metal center. However, despite
[Ru(bpy(O)2)3]2+ donating more electron density to the Ru center
than [Ru(bpy)(bpy(O)2)2]2 and [Ru(bpy)2(bpy(O)2)], [Ru(bpy
(O)2)3]4 only experiences a red shift of 1547 cm1 in acetonitrile
because there is no longer an unsubstituted bpy ligand as thelowest unoccupied molecular orbital (LUMO). As a result, the high
energy bpy(O)2 ligand is forced to be the complex’s LUMO, caus-
ing a higher energy transition, Fig. 9 [33].
Computational studies were carried out for the protonated and
deprotonated forms of [Ru(bpy)(bpy(OH)2)2]2+. For the protonated
form of the complex, two transitions were calculated at 406 nm
and 431 nm. These transitions correspond to MLCT transitions;
the lower energy transition occurs from the Ru metal center to
the unsubstituted bpy ligand while the higher energy transition
is from the Ru metal center to a bpy(OH)2 ligand as a result of
the electron-donating hydroxyl substituents. These transitions
are blue shifted relative to the observed spectrum, consistent with
other computational models for other ruthenium polypyridyl com-
plexes [41]. Computational studies for [Ru(bpy)2(bpy(OH)2)]2+
report the lowest energy, 418 nm peak, as a MLCT transition to a
non-hydroxylated bpy ligand [32]. In addition, the next lowest
energy transition, 407 nm, corresponds to an MLCT transition to
the hydroxylated bpy(OH)2 ligand [32]. These observations parallel
those made with the [Ru(bpy)(bpy(OH)2)2]2+ complex. The lowest
energy transition reported for [Ru(bpy(OH)2)3]2+ revealed the low-
est energy transition, 443 nm, to be a MLCT transition to a hydrox-
ylated bpy(OH)2 ligand [33]. For each protonated complex studied,
the HOMO was calculated to be entirely metal-centered and the
LUMO entirely ligand centered.
Computational studies for the deprotonated form of the com-
plex, [Ru(bpy)(bpy(O)2)2]2, reveal a more complex absorption
spectrum than that of the protonated form, consisting of multiple
transitions occurring above 325 nm, Table 8. Several overlapping
bands appear around 400 nm, and, most notably, a single transition
occurs at significantly lower energy at 594 nm. These transitions
are mixed metal–ligand to ligand charge transfer (MLLCT), similar
to those reported for [Ru(bpy)2(bpy(OH)2)]2+ and other metal com-
plexes that can have increased electron-donation upon deprotona-
tion [32,34,35,42–44]. The lowest energy electronic transitions
arise from a hybrid of metal and bpy(O)2 ligand orbitals to the
unsubstituted bpy ligand, Fig. 10. Interestingly, the mixed metal–
ligand orbitals are not observed upon deprotonation of [Ru(bpy
(OH)2)3]2+, attributed to the complex’s high symmetry [33].
The electronic structure of [Ru(bpy)(bpy(O)2)2]2 shows that
the HOMO mixing centered on the ligands are localized over a sin-
gle pyridine ring of each bpy(O)2 ligand in the complex. Experi-
mental evidence supporting this observation can be seen in the
pH titration of [Ru(bpy)(bpy(OH)2)2]2+, which showed two distinct
deprotonation events (Supporting materials). Each deprotonation
process corresponded to two molar equivalents of OH to one
molar equivalent of [Ru(bpy)(bpy(OH)2)2]2+, yielding average pKas
of 5.0 and 7.3. It is expected that the two protons of each respective
Fig. 9. Absorption spectra and MLCT bands of: (a) [Ru(bpy)(bpy(OH)2)2]2+ in acetonitrile with 10 mM (black) HPF6 and (red) nBu4NOH; (b) [Ru(bpy)(bpy(OH)2)2]2+ in a 1:1
acetonitrile:water mixture with 10 mM (black) HPF6 and (red) NaOH. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).
Table 8
Calculated wavelength maxima for [Ru(bpy)(bpy(O)2)2]2.
k (nm) Oscillator strength
370 0.040
377 0.025
380 0.089
393 0.048
400 0.029
406 0.048
594 0.061
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distribute the negative charge throughout the molecule. Addition-
ally, a structure solved by Papish and co-workers with two coordi-
nated 6,60-dihydroxy-2,20-bipyridine ligands to CuII shows this
effect with one proton removed from each ligand [23]. A similar
effect is seen in the structure of 1 with the symmetry regarding
protonation states of the two bpy(OH)2 ligands.2.4. Luminescence
Ruthenium polypyridyl complexes have been studied for their
intense MLCT triplet emissions [45]. For all complexes,Fig. 10. Selected molecular orbitals from the Pluminescence spectroscopy data was collected in a 1:1 water:
acetonitrile mixture. Emission maxima (kem) and quantum yield
measurements (u) are reported in Table 9. Quantum yieldmeasure-
mentswere determined through the comparativemethod using [Ru
(bpy)3]2+ as the standard and an excitation wavelength of 460 nm.
For all studied complexes, the quantum yield was lower than
the quantum yield of [Ru(bpy)3]2+ in both water and acetonitrile
[46]. This decrease in quantum yield is expected due to destabiliza-
tion of the metal-centered d orbitals, resulting in an increase in
non-radiative decay processes according to the energy gap law
[47]. A drop in emission intensity is observed from [Ru(bpy)2(bpy
(OH)2)]2+ to [Ru(bpy)(bpy(OH)2)2]2+, with quantum yield decreas-
ing from u = 0.0265 to u = 0.00568 and on the order of what is
observed with [Ru(bpy(OH)3)]2+ at u = 0.00667. The emission
intensity of the hydroxylated complexes when introduced into a
basic environment is either entirely diminished or is significantly
decreased. This observation is consistent with findings by Lan-
caster et al. with [Ru(bpy)2(L)2]2+ (L = 4-(20-pyridyl)-imidazole or
2-(20-pyridyl)-imidazole) [42]. The emission intensity of the
methoxylated complexes was higher than each of the correspond-
ing hydroxylated complexes, Table 9. The quantum yield of the
methoxylated complexes decreased with an increase in the
number of methoxyl substituents.CM calculation for [Ru(bpy)(bpy(O)2)2]2.
Table 9
Luminescence data of complexes in a 1:1 water:acetonitrile mixture (n = +2, 0, 2, or 4).
Complex X = bpy(OMe)2 X = bpy(OH)2a X = bpy(O)2b Reference
kem (nm) u kem (nm) U kem (nm) u
[RuII(bpy)2(X)]n 624 0.0331 638 0.0265 0 This work
[RuII(bpy)(X)2]n 650 0.0282 658 0.00568 0 This work
[RuII(X)3]n 654 0.013 650 0.00667 680 0.00034 31
a 0.1 M HPF6,
b 0.1 M NaOH.
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(OMe)2, the emission maximum is shifted to a lower energy
relative to that of [Ru(bpy)3]2+, as shown in Table 9. Upon going
from [Ru(bpy)2(bpy(OH)2)]2+ to [Ru(bpy)(bpy(OH)2)2]2+ the emis-
sion maximum shifts to lower energy by 476 cm1 due to the
increasing number of electron-donating substituents. A similar
decrease in energy of emission maxima from [Ru(bpy)(bpy
(OH)2)2]2+ to [Ru(bpy(OH)2)3]2+ is not observed. Although the
HOMO metal-centered d orbitals in [Ru(bpy(OH)2)3]2+ are further
destabilized, the LUMO is no longer centered on a low energy
unsubstituted bpy ligand. A similar trend is observed for the emis-
sion maxima of X = bpy(OMe)2 complexes. There is a 641 cm1
energy decrease from [Ru(bpy)2(bpy(OMe)2)]2+ to [Ru(bpy)(bpy
(OMe)2)2]2+ from 624 nm to 650 nm, and a slightly lower energy
emission maxima of 654 nm for [Ru(bpy(OMe)2)3]2+.
3. Experimental
3.1. General procedures
Reagents were obtained from Aldrich Chemical Co. and used
without further purification. RuCl33H2O was purchased from
Pressure Chemical Co. Elemental analyses for ruthenium com-
plexes were carried out by Atlantic Microlab Inc., Norcross, GA.
Water for aqueous solutions was prepared using a Millipore
DirectQ UV water purification system.
1H NMR spectra were collected on a Varian 300 MHz Fourier
Transform spectrometer in deuterated acetonitrile (CD3CN).
UV–Vis absorption spectra were collected on a Scinco S-3100
diode-array spectrophotometer at a resolution of 1 nm. Lumines-
cence data was collected on a Horiba Jobin Yvon Fluoromax 3.
Quantum yields were determined by using the comparative
method utilized byWilliams et al. [48]. All solutions were degassed
for 30 min. The standard used for the comparative method was [Ru
(bpy)3]2+ with / = 0.063 in water and / = 0.095 in acetonitrile [46].
pH measurements were performed using a VWR SympHony pH
meter, utilizing a three point calibration at pH 4, 7 and 10.
X-ray diffraction studies: Single crystals were selected and
mounted using NVH immersion oil onto a nylon fiber and cooled
to the data collection temperature of 100(2) K with a stream of
dry nitrogen gas. Data were collected on a Brüker-AXS Kappa APEX
II CCD diffractometer with 0.71073 Å Mo Ka radiation. Unit cell
parameters were obtained from 60 data frames, 0.5 /, from three
different sections of the Ewald sphere and complete data collection
strategies were determined for each crystal using the APEX2 suite
[49]. Each data set was treated with SADABS [50] absorption correc-
tions based on redundant multi-scan data. The structures were
solved by direct methods or intrinsic phasing and refined by least
squares method on F2 using the SHELXTL program package [51]. All
non-hydrogen atoms were refined with anisotropic displacement
parameters and all hydrogen atoms were treated as idealized
contributions, unless otherwise noted. Details regarding specific
solution refinement for each compound are provided under X-ray
structural analysis.Electrochemical measurements were carried out on a Bioanalyt-
ical Systems (BAS) CW-50 potentiostat. A standard three electrode
setup with a Ag/Ag+ reference electrode, platinum wire auxiliary
electrode and glassy carbon working electrode was used. All mea-
surements were taken in 0.1 M tetrabutylammonium hexafluo-
rophosphate (nBu4NPF6) in acetonitrile electrolyte solution. The
solutions were degassed for approximately 20 min with argon
before data collection. Ferrocene was used as an internal standard
with E1/2 = +0.40 V versus SCE [52].
3.2. Synthesis
The synthesis of cis-Ru(DMSO)4(Cl)2, Ru(bpy)(DMSO)2(Cl)2, and
bpy(OH)2 were prepared according to literature procedures
[32,53]. The ligand, 4,40-dihydroxy-2,20-bipyridine (bpy(OH)2)
was synthesized using a previously reported procedure [54].
[Ru(bpy)3][Cl]2 was prepared according to a previously published
method and converted to the hexafluorophosphate salt by
metathesis [55]. For studies done in water, all ruthenium hexaflu-
orophosphate salts were converted to chloride salts by precipita-
tion from acetone using tetrabutylammonium chloride dissolved
in acetone.
3.2.1. [Ru(bpy)(bpy(OMe)2)2][PF6]2
A round bottom flask containing 30 mL 1:1 EtOH:H2O was
degassed for 30 min by bubbling argon through it. To the flask,
0.21 g (0.44 mmol) [Ru(bpy)(DMSO)2(Cl)2], and 0.19 g (0.86 mmol)
bpy(OMe)2 were added and the solution was refluxed overnight
under argon. The solution was cooled to room temperature,
followed by filtration to remove insoluble, unreacted ligand. The
solvent was removed by rotary evaporator and the solid was col-
lected. For purification, the solid was suspended in approximately
20 mL acetone, stirred for 20 min, and collected by filtration. The
solid was then dissolved in approximately 200 mL water, followed
by the addition of a saturated 10 mL solution of NH4PF6 in water,
affording the product as an orange precipitate. The solid was col-
lected and rinsed with water and ether. Yield: 0.29 g (0.30 mmol),
68%. 1H NMR (300 MHz, CD3CN): d 8.48 (d, 2H), 8.22 (d, 4H), 8.20 (t,
2H), 7.83 (d, 2H), 7.56 (d, 2H), 7.46 (d, 2H), 7.40 (dd, 2H), 6.98 (dd,
2H), 6.93 (dd, 2H), 4.01 (s, 6H), 3.97 (s, 6H). Anal. Calc. for
RuC34N6O4H32P2F12: C, 41.69; N, 8.58; H, 3.29. Found: C, 41.92;
N, 8.58; H, 3.41%.
3.2.2. [Ru(bpy)(bpy(OH)2)2][PF6]2
A round bottom flask containing 30 mL ethylene glycol was
degassed for 30 min by bubbling argon through it. To the flask,
0.26 g (0.53 mmol) [Ru(bpy)(DMSO)2(Cl)2], and 0.20 g (1.1 mmol)
bpy(OH)2 were added and the solution was refluxed overnight
under argon. The solution was cooled to room temperature,
followed by filtration to remove insoluble, unreacted ligand. The
solution was diluted to 100 mL with water and the product was
precipitated with the addition of a saturated 10 mL solution of
NH4PF6. For purification, the collected solid was dissolved in
approximately 20 mL acetone with 0.01 M HPF6 and precipitated
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by rinsing with acetone. The complex was then dissolved in
approximately 40 mL 0.1 M HCl then precipitated out with NH4PF6,
which was collected and rinsed with water followed by ether.
Finally, the complex was suspended and stirred in 5 mL of acetoni-
trile, then collected and rinsed with ether to afford the orange
product. Yield: 0.17 g (0.18 mmol), 34%. 1H NMR (300 MHz, CD3CN,
D2O): d 11.18 (d, 2H), 10.71 (t, 2H), 10.54 (d, 2H), 10.52 (d, 4H),
10.17 (d, 2H), 10.08 (t, 2H), 10.01 (d, 2H), 9.57 (dd, 2H), 9.48 (dd,
2H). Anal. Calc. for RuC30N6O4H24P2F120.4C4H10O: C, 39.82; N,
8.84; H, 2.96. Found: C, 39.50; N, 9.08; H, 3.33%.
3.3. X-ray structural analysis
3.3.1. [Ru(bpy)(bpy(OMe)2)2][PF6]2
Crystals were grown by slow diethyl ether vapor diffusion into a
solution of [Ru(bpy)(bpy(OMe)2)2][PF6]2 in acetonitrile. A data set
consisting of 81566 reflections (Rint = 0.0328) was collected
(14106 unique) over h = 2.112 to 32.728. The systematic
absences in the data were consistent with the noncentrosymmet-
ric, monoclinic space group Cc. The asymmetric unit contains one
[Ru(bpy)(bpy(OMe)2)2]2+ cation and two PF6 anions. One PF6 anion
was rotationally disordered and modeled over two positions with
the aid of similarity restraints on 1,2- and 1,3-distances as well
as restraints/constraints on the anisotropic displacement parame-
ters of nearby atoms. The goodness of fit on F2 was 1.039 with
R1 = 2.51% [I > 2r(I)] andwR2 = 5.80% (all data) and with largest dif-
ference peak and hole of 0.843 and 0.386 e/Å3. Crystallographic
data are reported in Table 10.
Complex 1. Crystals were grown by slow diethyl ether vapor dif-
fusion into a solution of [Ru(bpy)(bpy(OH)2)2][PF6]2 in acetonitrile
with 0.1 M tetrabutylammonium hydroxide. A data set consisting
of 57420 reflections (Rint = 0.0328) was collected (6950 unique)
over h = 1.707 to 30.508. The systematic absences in the data
were consistent with the centrosymmetric, monoclinic space
group C2/c. The asymmetric unit contains one half of the anion
(1) and one half of a disordered nBu4N+ cation. The half nBu4N+Table 10
Crystal data and structure refinement for complexes [nBu4N] [1] and [Ru(bpy)(bpy(OMe)2
Complex [nBu4N] [1]
CCDC 1027817
Empirical formula C46H57N7O8Ru
Formula weight 937.05
Temperature (K) 100(2)
Crystal system monoclinic
Space group C2/c
a (Å) 17.3137(3)
b (Å) 20.0465(4)
c (Å) 15.2896(4)
a () 90
b () 120.9420(10)
c () 90
Volume (Å3) 4551.49(17)
Z 4
Calculated density (g cm3) 1.367
Absorption coefficient (mm1) 0.404
F(000) 1960
Crystal size (mm3) 0.240  0.200  0.170
Radiation Mo Ka (k = 0.71073 Å)
2h range for data collection () 1.707 to 30.508
Index ranges 24 6 h 6 24, 28 6 k 6 2
Reflections collected 57420
Independent reflections 6950 [Rint = 0.0351]
Data/restraints/parameters 6950/176/318
Goodness-of-fit on (GOF) F2 1.067
Final R indices [I > 2r(I)] R1 = 0.0620, wR2 = 0.1691
Final R indices (all data) R1 = 0.0760, wR2 = 0.1872
Largest difference peak/hole (e Å3) 2.080 and 0.880was modeled with the aid of similarity restraints on 1,2- and 1,3-
distances as well as with similarity restraints on the anisotropic
displacement parameters of bonded atoms. The hydroxyl group
hydrogen atom of the anion is involved in an intermolecular
hydrogen bond between two symmetry-related oxygen atoms of
adjacent anions. This arrangement puts the bridging hydrogen very
near a special position, and it was refined on the special position at
half-occupancy, giving one full hydroxyl H-atom for each Ru cen-
ter. Two molecules of water per asymmetric unit were also
included in the model, though the hydrogen atoms on these waters
were not located. The goodness of fit on F2 was 1.067 with
R1 = 6.20% [I > 2r(I)] and wR2 = 18.72% (all data), and with largest
difference peak and hole of 2.080 and 0.880 e/Å3. Crystallo-
graphic data are reported in Table 10.
3.4. Computational studies
All calculations were performed using GAMESS [56]. Geometries
were optimized using restricted B3LYP with the 6–31G⁄ basis set
for the main group elements. A scalar relativistic model core
potential (first 30 electrons) was used for ruthenium, with the
valence orbital set (5s and 4d) being of triple-zeta quality
[57,58]. Spherical harmonic d orbitals were used in all calculations
and the default grid size was used for numerical integration in DFT.
The maximum tolerance for any nuclear gradient component was
set to 0.0005 hartrees/bohr, and the default RMS gradient maxi-
mum was used (0.00017 hartrees/bohr). The nature of each sta-
tionary point was determined by running frequency calculations
at the DFT level. Numerical frequencies were calculated via one-
sided (forward) differences of analytically determined energy gra-
dients. For all structures presented, all vibrational modes were
found to be real at the DFT determined stationary points. Vertical
excitation energies were calculated using time-dependent DFT
(TDDFT) with the same set of functionals and basis sets used to
characterize the ground state structures. Solvent effects on the ver-
tical excitation energies were evaluated using the PCM solvation
model. The solvated energies were evaluated at gas-phase opti-)2][PF6]2.
[Ru(bpy)(bpy(OMe)2)2)][PF6]2
1027818
C34H32F12N6O4P2Ru
979.66
100(2)
monoclinic
Cc
9.7289(5)
29.9081(15)
12.6136(6)
90
91.045(3)
90
3669.6(3)
4
1.773
0.625
1968
0.370  0.220  0.050
Mo Ka (k = 0.71073 Å)
2.112 to 33.728
8, 21 6 l 6 21 15 6 h 6 14, 46 6 k 6 46, 19 6 l 6 19
81566
14106 [Rint = 0.0328]
14106/173/549
1.039
R1 = 0.0251, wR2 = 0.0569
R1 = 0.0275, wR2 = 0.0580
0.843 and 0.386
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cate that the PCM solvent plays a negligible role in structure deter-
mination but is necessary for more accurate determination of
vertical excitation energies [32]. The solute cavity was determined
using the simplified united atomic radii. The solvent considered in
these calculations was water.
4. Conclusion
Electron-donating ligands can help to stabilize high-valent
intermediates required in the catalytic water oxidation cycle. It is
important to understand how strong electron donation can impact
the complex’s metal center in relation to the water oxidation pro-
cess. To this end, we have studied [Ru(bpy)(bpy(OH)2)2]2+, which,
upon deprotonation exhibits strong electron donation to the
ruthenium metal center. The impact of deprotonation was studied
structurally and spectroscopically utilizing X-ray diffraction, elec-
trochemistry, UV–Vis absorption spectroscopy, and luminescence
spectroscopy. Computational studies supported experimental find-
ings and have shed light into the molecular orbital structure of the
complex, which results in a new set of mixed metal–ligand molec-
ular orbitals upon deprotonation. These studies done in conjunc-
tion with the previously studied complexes [Ru(bpy)2(bpy
(OH)2)]2+ and [Ru(bpy(OH)2)3]2+ give insight into the impact of
increasing amounts of strong electron donation to a metal center.
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